equilibrated with buffer A containing 1 .5 mM DTTand 1% SDS. The polypeptide compositions of the eluant fractions were determined by analytical SDS gel electrophoresis, and those containing H and 45, and those containing 46 were combined separately . Both samples were dialyzed against a solution of EDTA (5 mM, pH 8) and DTT (0 .1 mM) to remove SDS, concentrated by precipitation with trichloroacetic acid (7 .5%), and subjected to preparative SDS polyacrylamide gel electrophoresis (PAGE) as described previously (26) , except that a gel containing 8% acrylamide (0 .24% his acrylamide) was employed for the fractionation of the 46-containing sample . The gel fractions most enriched in H, 45, and 46 (as judged by analytical SDS PAGE) were combined separately, dialyzed against a solution of EDTA (5 mM) and DTT (0.1 mM), pH 8, and lyophilized. The yield from such a preparation was 100-500 jug of each protein.
For immunization, the lyophilized antigens (-100 Mg) were resuspended in 1 .5 ml of 0. l% SDS, emulsified with an equal volume of complete Freund's adjuvant, and injected at -15 sites on the backs of goats. Over a period of 6 mo, the goats were inoculated two more times with similar amounts of antigen emulsified with incomplete Freund's adjuvant; they were bled 10 d after the third inoculation, and 10 d after additional sporadic inoculation over a period of 2 yr.
Partial Purification of IgG
Antiserum was diluted with 3 volumes of H2O and IgG was precipitated by the addition of saturated (4°C) ammonium sulfate to a final concentration of 45% of saturation at 4°C. The resulting precipitate was resuspended and equilibrated by dialysis with PBS (0.15 M NaCl, I mM Na2HPO4, pH 7.0).
Adsorption of Antibodies by Affinity Chromatography
Affinity columns were prepared by resuspending the lyophilized antigens (-100 pg , prepared as described above) in 0.65 ml of a solution of 0.2 M NaHCO,, 0.2% SDS, pH 9.5, and coupling them to 4 ml of wet packed Sepharose-4B by the method of Parikh et al . (l2) . The Sepharose was activated with 0.8 g of cyanogen bromide.
Serum (or partially purified IgG fractions) was applied to an affinity column (-4 ml of Sepharose) twice, and the column was washed with 20 ml of PBS. The bound antibody was eluted with a solution of 0.15 M NaCl, 0.2 M glycine, pH 2.4 ; fractions (1 ml) were collected and neutralized by the addition of 0.11 ml of 2 M Tris, pH 8.5, and the fractions containing protein (as judged by the optical density at 280 nm) were combined and dialyzed against PBS. The columns were prepared for furtherprotein applications by washing them with 3 ml of a solution containing 4 M guanidine-HCI, 20% glycerol, 0.5 M sodium acetate, pH 6.5 . followed by 25 ml of PBS.
In the case of the adsorption of the IgG fractions, the IgG from 10 ml of antiserum was applied to a column containing an heterologous antigen. When the column had been subjected to the cycle described above, the material that did not bind to the column (the flow through) was reapplied to the same column, and the cycle was repeated. The flow-through was then subjected to two cycles of adsorption on the other heterologous column, and finally on the homologous column ; the glycine-eluate of the homologous column served as the source of IgG enriched for the specific antibodies. The glycine wash of the second cycle of each column contained between 3-and l0-fold less protein than theglycine wash of the first cycle, indicating that the columns were not saturated with antibodies on the second passage of the IgG. (The capacity of the columns was not appreciably reduced by each cycle.) The glycine wash of the first cycle for each column always contained more protein than the glycine wash of the second cycle of the previous column, consistent with the interpretation that the different columns were binding different populations of antibodies . The adsorption of unfractionated serum was performed in the same way, except that 2 ml of serum was subjected to one cycle of adsorption on each column; the amount of protein in the glycine eluates was always substantially less than the capacity of the column .
Micro EL15A Analysis of the Adsorbed Antibodies
The relative reactivities of the three antibodies towards H, 45, and 46 were estimated by means of an enzyme-linked immunosorbant assay (ELISA). The wells of polystyrene microtiter plates (Microbiological Associates, Walkersville, Md.) were coated with antigen by incubating them with H, 45, or 46 (0.5 Jig in 0.1 ml) purified as described. The antigen-coated wells were incubated with various dilutions of anti-H, anti-45, or anti-46, in a volume of 0. I ml. The amount of antibody retained by each well was determined by incubating each well with 0.5 pg (in 0.1 ml) of an affinity-purfed rabbit anti-goal-IgG antibody (obtained from Gateway Immunologicals, St. Louis, Mo.) that had been conjugated to alkaline phosphatase (Sigma Chemical Co ., St . Louis, Mo ., type VII) by the procedure of Voller et al . (22) . The alkaline phosphatase retained by the wells was determined by incubating the wells with 0.2 ml ofp-nitrophenyl phosphate (Sigma Chemical Co ., l mg/ml) and, after stopping the reaction with 0.05 ml of 3 M NaOH, determining the optical density at 400 urn. All incubations were for 2 h at room temperature, and the buffers and washing procedure were those described by Voller et al . (22) , except that Tris (0 .2 M, pH 8.5) replaced diethanolamine in the buffer for the phosphatase assay, which was carried out for 30 min at room temperature .
Purification of Filaments
The filaments used in this report were prepared by one of two procedures . In procedure I, -I g of fresh spinal cord from a rabbit was soaked in a 100-fold excess of a solution containing EDTA (2 .5 mM), EGTA (2 .5 mM), and Na2HPD, (1 mM), pH 7, for 2 h at room temperature as described by Schlaepfer (l7). The swollen tissue was removed from the solution and homogenized with a loosefitting pestle of a Dounce homogenizer (Kontes Co ., Vineland, N. 1.) . NaCl (l M) was added to the disrupted tissue to a final concentration of 0.15 M, and the homogenate was centrifuged at 12,000 rpm for 30 min in the SS-34 rotor of a Sorvall RC2B centrifuge (DuPont Instruments-Sorvall, DuPont Co ., Newtown, Conn.) (17) . The supernate was applied to a discontinuous sucrose gradient containing layers (3 .3 ml each) of 2, 1.5, and 1 .0 M sucrose in solution B, containing NaCl (0 .15 M), EDTA (2.5 mM), EGTA (2 .5 mM), and Na lHP04 (I mM). The gradient was centrifuged for 3 h at 35,000 rpm in an SW 40 .1 rotor (Beckman Instruments, Inc., Spinco Div., Palo Alto, Calif) . The material at the 1-to 1 .5-M interface served as the source of filaments.
In procedure 11, 0.6 g of freshly dissected spinal cord was homogenized in solution B containing I% Triton X-100, and the homogenate was applied directly to the sucrose gradient . The two procedures resulted in similar filament preparations as judged by the filament morphology and the polypeptide composition .
Anti-H Fab Fragment Preparation
Fab fragments were prepared by digesting anti-H IgG with mercuripapain, and fractionating the resulting Fab fragments by methods similar to those previously described (13, 28) . The resulting Fab fraction was adsorbed with 46 and 45 by affinity chromatography as described above, and finally purified by affinity chromatography on H-Sepharose. The purified material had an electrophoretic mobility corresponding to a molecular weight of -25.000, as would be expected for reduced Fab fragments (9) .
Decoration of Filaments with Antibodies
Filaments were adsorbed to Formvar-coated copper electron microscope grids by floating the grids in 25-Ml drops of the filaments (diluted to an appropriate concentration in PBS) on sheets of dental wax for 10 min at room temperature. The grids were washed by flotation on one drop of PBS, then floated on drops (25 pl) of a solution containing the indicated concentrations of antibodies or nonimmune IgG, for 30 min at 0°C. The grids were then washed in nine drops of PBS, one drop of H2O, at 0°C, and negatively stained with an aqueous solution of uranyl acetate (l%) . In the case of formalin-fixed filaments, the grids with adsorbed filaments were floated for l h at room temperature on 3 ml of formaldehyde (a 5% solution in PBS), and then for 10 min at 0°C in PBS before they were exposed to the antibody. In the case of the glutaraldehyde-fixed filaments, the grids with adsorbed filaments were floated in drops (25 lal) of glutaraldehyde (1 .5% in PBS) for 10 min at room temperature, and then in 30 ml of PBS (two changes) for 1 h at room temperature, before they were incubated with the antibody as described above.
RESULTS
Cross-reactivity of Anti-H, -45, and -46 Fig . 1 shows an example of H, 45, and 46 preparations, similar to those used to immunize goats and to prepare antigenSepharose affinity columns. Each preparation contains little if any of the other two polypeptides, yet a substantial fraction of the antibodies against each polypeptide bound to affinity columns containing either of the other two, as shown in Table 1 . This observation suggests that each of the three polypeptides shares antigenic determinants with the other two . However, FIGURE 1 Purified protein preparations electrophoresed on SDS polyacrylamide gels . F indicates a neurofilament fraction prepared by method I (Materials and Methods) . H, 45, 46 indicate the purified fractions of these proteins, similar to those used as antigens and affinity reagents . For a more heavily loaded example of H (which in this figure is from a rabbit heterozygous for two different forms of H (271), see reference 26. The numbers indicate molecular weights in kilodaltons. Cross-reacting fraction* * The protein (estimated by 013280) that specifically bound and was eluted (by 0 .2 M glycine) when the designated antiserum or IgG fraction was applied first to the affinity column containing the indicated antigen . The results are expressed as the fraction of the total protein eluted (in the glycine wash) from all three columns when the antiserum was passed through them in sequence . $ The total protein bound to and eluted from (0 .2 M glycine wash) the affinity column containing the homologous antigen, when the indicated serum or IgG fraction had been previously passed sequentially through the two heterologous columns. The results are expressed as the fraction of the total protein eluted in the glycine wash of all three columns. § In these experiments, a partially purified IgG fraction from 10 ml of serum was subjected to two cycles of affinity chromatography on each column as described in Materials and Methods. In the remainder of the experiments, 2 ml of unfractionated antisera was subjected to one cycle on each column . each appears in addition to possess antigenic determinants that are unique (or much more abundant or accessible than in the other two) because a fraction of each antibody preparation bound to its homologous affmity column after it had been passed sequentially through the two heterologous columns.
The passage through the three affinity columns should substantially enrich each preparation with respect to antibodies that preferentially bind to the homologous polypeptide. We tested the ability of each sequentially adsorbed preparation (prepared from whole serum as described in Materials and Methods) to bind an excess of H, 45, and 46, which were themselves adsorbed to the wells of polystyrene microtiter plates ; the relative amounts of bound antibody were determined by the extent of retention of a rabbit anti-goat antibody conjugated to alkaline phosphatase, whose reaction product 200 THE JOURNAL OF CELL BIOLOGY " VOLUME 89, 1981 served as an indicator. The assay was linear with respect to antibody concentration. Fig. 2 (Fig . 3) . It is apparent from the increased diameters and densities of the filamentous structures (as compared to nonimmune IgG controls) in Fig. 3 anti-H, the decorated structures appeared as somewhat irregular solid cylinders, with diameters (often -500 A) that were larger than might be anticipated for a 100-A filament coated on either side with a layer (-100 A [21] ) of IgG . At lower (Fig. 2) was divided by the concentration required to give an ODaoo of 1 .0 with the homologous antigen .
antibody concentrations, the decoration had a distinct periodicity that could be best appreciated at low magnification (Fig.  4) . At higher magnification (Fig. 5) , the reactive antigens often appeared to compose a structure that is helically wound around an unreactive central core . The period of the helix ranged between 900 and 1,300 A, with a mean of 1,080 A and a standard deviation of 159 A. The helix was often discontinuous, each segment extending for a distance between 1 and 1 .5 complete turns, as in Fig. 5 b. In some instances, the reactive antigens appeared to be concentrated at the ends rather than dispersed uniformly along the helical structure, as in Fig . 3 a  (2 .5 pg) . Infrequently, we observed two thin parallel strands running through the anti-H decorated helix, suggestive of a double helix (e .g., Fig . 5 c, right of center) . Not all of the anti-H-decorated elements were helical, but most appeared to be peripheral to a central core; Fig . 5 b shows the range of appearance of the anti-H-decorated structures on a single filament . In a few instances (Fig. 6) , we observed two filaments, A filament (unfixed) decorated with adsorbed anti-H IgG (2 .2 feg/ml) . x 24,000 .
as far as 700 A apart, bridged by material that was reactive with anti-H .
Fixation of the filaments with formaldehyde or glutaraldehyde before decorating them produced no systematic difference in their appearance . When filaments were decorated with adsorbed monovalent Fab fragments of anti-H IgG, helical elements were still observed (Fig . 5 h) , indicating that the helix is not produced by the multivalency of the antibody .
Anti-46-decorated filaments were different from those decorated with anti-H; their diameters (-300 A) were smaller at high antibody concentrations (20 ttg/ml), and at lower concentrations the decoration was more uniform (Fig . 3 b) . We did not observe undecorated segments of the filament . In some instances, there was a hint of periodicity (e.g ., Fig . 3 (Fig. 3 c) . At lower antibody concentrations, the anti-45 decoration also appeared periodic and in some cases helical (Fig . 3 c) .
DISCUSSION
The electron microscope observation of organelles decorated with specific antibodies has been a useful approach for determining the disposition of different proteins within complex organelles, such as phage (29) and ribosomes (7) . Here we have examined the possibility (initially suggested by Schlaepfer's report that the interaction between antibodies and intermediate filaments could be readily detected by electron microscopy [15] ) that such an approach could be used to analyze the molecular architecture of neurofilaments . The following considerations are relevant to the interpretation of the results . First, we assume that our filament preparation contains predominantly filaments of neuronal origin because the anti-H antibody, which reacts with the vast majority of the filaments in the preparation, appears to react specifically with neurons when it is used to immunofluorescently stain sections of nervous tissue (manuscript in preparation) . Consistent with this assumption, polypeptides of 50,000-60,000 mol wt (the proposed molecular weight of the subunits of intermediate filaments from several non-neuronal sources including glia) were not major components of our filament preparation (Fig . 1) . Second, the assumption that the three antibody preparations are differentially reactive towards H, 45, and 46 is based both upon the method of their preparation (i .e ., the elution profiles of the affinity columns indicated that they were effective in adsorbing cross-reacting antibodies) and upon their differential reactivities with H, 45, and 46 in the ELISA assay. The distinctive decoration patterns produced by the preparations provide an additional argument for their differential reactivity . Third, the disposition of the antibody in a decorated filament will accurately reflect the disposition of a polypeptide only if the reactive antigenic determinants are uniformly distributed 202 THE JOURNAL Or CELL BIOLOGY " VOLUME 89, 1981 in the polypeptide and are uniformly accessible to the antibody . Finally, in spite of our efforts (fixation and the use of Fab fragments) to reduce its likelihood, the possibility that aspects of the appearance of antibody-decorated structures are generated by the antibody-antigen interaction cannot be excluded; nor can we rule out the possibility that some of the features were generated during the disruption of the axoplasm and the preparation of the filaments . These considerations should be kept in mind when evaluating the following interpretations .
Polypeptide Composition of Neurofilaments
Hoffman and Lasek (5) originally proposed that three polypeptides similar in size to H, 45, and 46 were components of neurofilaments, and considerable evidence has supported this view (e .g ., references 8, 14, 17, and 26) . The results reported here, that antibodies with differential specificities for H, 45, and 46 can, with similar concentration dependencies, decorate filaments, provide an additional argument that all three polypeptides are physically associated with neurofilaments . Furthermore, the observation that most of the filaments were decorated by each antibody indicates that each filament contains all three polypeptides .
The three neurofilament polypeptides appear to be structurally related, as indicated by the cross-reactivity of their antibodies (8, 26, 30) . Assuming that common antigenic determinants are equally accessible in the three Sepharose-coupled polypeptides, and that the polypeptides have indeed been separated as indicated (Fig . 1) , the elution profiles of the affinity columns suggest that each polypeptide has both unique and shared antigens and, further, that the domain shared by any two polypeptides overlaps with, but is not identical to, the domain shared by either of these with the third polypeptide . Direct evidence that the three polypeptides are encoded by different genes has recently been reported (3) ; the antigenic relationship of the three polypeptides suggests that their genes evolved from a common ancestral gene .
Filament Structure
The difference in morphology between H-and 46-decorated filaments shows that the two polypeptides are not equivalently disposed . Most probably, H is located more peripherally and is more loosely attached along its length than 46 . Such a configuration is consistent with: (a) the large diameters of some anti-H decorated filaments; (b) the peripheral appearance of anti-H decoration in some filaments ; and (c) the occasional observation of anti-H-decorated material spanning the distance (often several filament diameters) between two filaments . Furthermore, the presence of bare, undecorated segments between the anti-H-decorated segments of the filament suggests that H may not be uniformly required for the filamentous morphology . These considerations lead us to hypothesize that neurofilaments comprise a central core, composed at least in part of 46, and a more peripheral structure, composed in part of H .
The most regular configuration displayed by antibody-decorated H in vitro is a filamentous helix wound around the unreactive central core . The H helix has a period of -1,000
A, and in many cases appears to be divided into segments, each making~1 .5 complete turns about the central core and covering a distance of -1,400 A along the filament . The length of one segment of the H helix itself (as measured from Fig. 5 b) is 2,000 A; it is interesting to note that this distance could be spanned by a single H polypeptide in an a helical configuration. The decorated H helix appears to be displaced from the surface of the filament by -100 A over most of its length; because we have never observed such a structure in an undecorated filament, it is either cryptic to negative staining or, more likely, it is pulled away from the surface of the filament by the reaction with the antibodies . Fig. 8 schematically summarizes the helix. The anti-H-decorated structure assumes other, less defined configurations, as illustrated in Fig. 5 . The helix and these other configurations could reflect multiple functional configurations of H (i .e ., it is a protean protein) or represent different states of collapse of its native configuration (e .g ., the helix). Alternatively, H could project away from the surface of the filament in situ and collapse onto the surface of the central core only when the axoplasm is disrupted. In situ decoration of filaments might resolve these alternatives.
Because the anti-45 antibody is less specific than the others and appears to require somewhat greater concentration to decorate filaments (Fig . 3) , the interpretation of the anti-45 decorated filaments is the least clear. With this reservation, the appearance of some anti-45-decorated filaments suggests that 45 may also be a component of a helical structure.
Helical relationships in neurofilament structure have been previously indicated from X-ray defraction patterns of annelidan axoplasm (4) and from electron microscope observation of mammalian (10, 16) , moluscan, and annelidan filaments (6) . It has been proposed that neurofilaments comprise two protofilaments twisted helically together. On the other hand, our observations indicate that the anti-H-decorated structure is not 204 THE JOURNAL OF CELL BIOLOGY " VOLUME 89, 1981 one of two equivalent protofilamentous partners ; it is more peripheral to the axis of the filament than 46-containing structures and, in its helical configuration, appears to "wrap" the central core. Although this interpretation is different from previous proposals, it is not incompatible with them, as the central core may itself include helically intertwined protofilaments. Consistent with this possibility, we have occasionally observed (when viewing photographs such as Fig. 5 a at 10-fold magnification) indications of two, and sometimes three, protofilaments (-20 A in diameter) running through the central core of decorated filaments. They sometimes appear to run in parallel for short distances, sometimes cross each other (as would be expected of helically twisted protofilaments), and sometimes form more complex patterns .
Implications for Function
The interpretation that neurofilaments comprise a central core and a peripheral structure containing H places H in a position to mediate interaction between the filament and its environment . In particular, the H structure could be the crossbridge that links filaments with other filaments and other organelles in situ; we have observed anti-H-decorated interfilamentous linkages spanning distances comparable to those observed in situ (although these in vitro linkages may well be mediated by the divalent antibody). As a cross-bridge, the H structure could function to maintain order and spacing among intracellular elements, or conceivably mediate mechanochemical coupling of organelles with filaments. If instead, the physiological configuration of the H structure is the helix wrapping a central core, the structure could serve to regulate interactions between the central core and other elements, much as tropomyosin (which is also helically related to the central actin filament) regulates the interaction between actin and myosin .
Finally, it is interesting to note that the principle of a central core wrapped by a helix could serve as the structural basis for a hypothetical mechanism of energy transduction that would have certain advantages for intracellular transport. If the helix rotated around the central core (driven perhaps by a helixassociated central core-dependent hydrolase), an organelle situated in the groove of the helix would be translocated down the filament by a worm-screw mechanism (Fig. 8) . A rotational velocity of 35 revolutions/s could be sufficient for an H helix to translocate materials at velocities up to 300 mm/d (the range of rapid axonal transport) ; another rotary motor, the bacterial flagellar motor, can rotate in excess of 100 revolutions/s (1). Any filamentous organelle employing the helix-core relationship could serve as the basis for such a rotating-helix transport motor.
An advantageous characteristic of a rotating-helix motor is that it is stationary; none of the elements involved in generating force need to move in the direction of the transported material, and therefore don't have to be recycled. In contrast, models for transport (e.g ., reference 11) based on analogy to the sliding of actin and myosin filaments in muscle require that one member of a sliding pair moves in the direction of transport at least as rapidly as the material being transported . However, the most obvious candidates for such sliding filaments (e.g ., actin, myosin, tubulin, and neurofilament proteins) have generally been observed to move down axons much more slowly than the rapidly transported proteins (2, 5, 23, 24) . Although this discrepancy does not rule out linear sliding filament mechanisms (e .g., the filaments could be locally recycled), it is alter-
